Purpose Inflammation and oxidative stress are involved in the process of chronic renal failure (CRF). CRF patients show indication of sleep disturbances, and the melatonin rhythm, which modulates sleep, is abnormal in these patients; however, it is still unclear whether inflammation could be related to the blockage of melatonin production and sleep disturbances in this population. The aim of this study was to characterize and correlate sleep, the melatonin rhythm, and the levels of the inflammatory cytokines tumor necrosis factor (TNF) and interleukin (IL)-6 in patients with CRF and controls. Methods Sleep was evaluated by the "Sleep Quality Index Pittsburgh" (PSQI) questionnaire, and melatonin and cytokine contents in saliva and blood samples, respectively, were analyzed by ELISA. Results The CRF group scored higher on the global PSQI, which indicates a lower sleep quality and a higher prevalence of sleep disorders, than the control group. The CRF individuals also showed lower melatonin content than the control groups, both during the day and at night, and lacked rhythmicity in melatonin production. The CRF group also showed higher contents of TNF and IL-6 than the control group and a negative correlation between TNF and melatonin content. Conclusion These results suggest that the sleep disorders observed in the CRF group were probably related to the low production of melatonin observed in this population. The high level of TNF, as previously demonstrated in other pathologies, is probably involved in this blockage of melatonin production in CRF.
Introduction
As a result of biochemical changes in glomerular filtration rate and/or parenchymal damage in patients with chronic renal failure (CRF), the kidneys of these patients produce inflammatory cytokines and hormones. Thus, inflammation and oxidative stress are involved in the process of CRF [1] and in the complications associated with it [2] . Accordingly, CRF patients tend to exhibit high plasma concentrations of inflammatory mediators, such as tumor necrosis factor (TNF), interleukins 1 and 6 (IL-1 and IL-6), and oxidative stress markers [3] .
In addition to this inflammatory condition, CRF patients clinically present with a high prevalence of sleep disorders [4] , the cause of which has been linked to a possible blockage of the nocturnal increase in melatonin content [5] .
The pathway of melatonin synthesis involves the signaling of environmental light-dark alternation to the pineal gland. In the absence of light, serotonin is acetylated in the pineal gland by the action of arylalkyl-amine-N-acetyltransferase (AA-NAT), resulting in the precursor N-acetylserotonin (NAS), which is then methylated by the action of acetylserotonin Omethyltransferase (ASMT) to generate 5-methoxy-Nacetyltriptamine or melatonin [6] .
The physiological rise in melatonin secretion at night is well established, and the melatonin level peaks at approximately 2:00 a.m. [7] . Thus, under health conditions, the increase in nocturnal melatonin secretion and the release of melatonin into the bloodstream and cerebrospinal fluid indicate the darkness of the surroundings to the body. This makes melatonin a transducer of environmental photic information to the body and a modulator of several circadian rhythms, including the sleep-wake cycle, neuroendocrine responses, and body temperature [8] , besides acting as an antiinflammatory molecule [9] , a regulator of innate and acquired immune responses [10] , a neuroprotective molecule, and a promoter of dendritic stability [11] .
On the other hand, in pathological conditions, the production of melatonin can be altered. An unexplored hypothesis in CRF is the possible blockage of melatonin production by inflammatory molecules because the synthesis of this hormone by the pineal gland may be suppressed by pathogenassociated molecular patterns (PAMPs) and proinflammatory cytokines, as demonstrated previously in other conditions [5, 12] .
Understanding the regulation and dynamics of melatonin synthesis in physiological and pathophysiological conditions is essential because of the wide range of beneficial actions of melatonin. Therefore, considering the possible correlation between the inflammatory condition, melatonin blockage, and sleep disturbances in CRF, the aim of this study was to characterize and correlate the biological variables of melatonin level, sleep parameters, and inflammatory cytokine levels in patients with CRF.
This pilot study provided subsidies to new studies that investigate pharmacological treatments to restore melatonin rhythm in order to improve sleep quality and avoid disturbances in several non-chronobiotic actions of this hormone.
Methods

Participants
This cross-sectional clinical study was in accordance with the Regulatory Norms on Human Research. The study protocol was approved by the ethics committee of the local institution (proc. n°0667/2013), and informed consent was obtained prior to the initiation of data collection.
The inclusion criterion in the CRF group was the diagnosis of CRF in hemodialysis treatment, and the exclusion criteria for both groups were the presence of neurological or psychiatric issues, and the use of psychoactive drugs, melatonin, or other medications that may influence melatonin synthesis and/ or release.
The study included 39 subjects between 29 and 79 years of age (54.9±3.3 years old; either gender), and they were divided into two groups-the CRF group (n=20) and the control group (n = 19). The participants did not show clinical diagnosis for obesity or clinical history of obstructive sleep apnea syndrome (OSAS).
Procedures
All procedures in the CRF group were performed on the first day of hospitalization, before hemodialysis treatment.
The indicators of sleep disturbances were obtained from the Pittsburgh Sleep Quality Index (PSQI). The PSQI is a self-rated questionnaire that assesses sleep quality and disturbances over a 1-month time interval and probes clinically important and patient-relevant symptoms in the areas of sleep quality and quantity. The PSQI consists of 19 self-rated items divided into seven subscales: subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleeping medications, and daytime dysfunction. Each subscale is rated from 0 to 3, with a higher score indicating a more severe sleep complaint. The summed score of the seven subscales yields a single global score that represents the patient's overall sleep experience; a lower total score reflects a better quality of sleep. A global PSQI score greater than 5 is an indication that the person has great difficulty in at least two components of sleep quality or moderate difficulties in more than three components of sleep quality [13] .
Saliva samples
For quantification of melatonin, saliva samples were obtained in the home environment for the control group and in the hospital bed for the CRF group at six time points with intervals of 4 h over a period of 24 h, beginning at 8:00 a.m. The patients received an individual labeled kit (Salivette, SARSTEDT, Germany) for collection and storage of saliva. For both groups, samplings at nighttime were conducted under low-intensity red light with the goal of not disturbing pineal synthesis of melatonin [14] . The presence of xerostomia in most of the CRF patients hampered the collection of saliva but did not make it impossible. The samples were transferred to the laboratory facility and stored at −20°C until processing. Salivary melatonin was quantified using a commercial ELISA kit according to the manufacturer's instructions (IBL, Hamburg, Germany), and the results are expressed in pg/mL. For statistical analysis, the accumulated day melatonin concentration (values at 8:00 a.m., 12:00 a.m. and 4:00 p.m.) was compared with the accumulated night melatonin concentration (values at 8:00 p.m., 00:00 a.m. and 04:00 a.m.).
Blood samples
For the CRF individuals, blood was collected with heparinized syringes (1:00 a.m. and 1:00 p.m.). The samples were transferred to the laboratory facility and centrifuged at 1500 rpm for 10 min at 4°C, and the supernatant was kept at −80°C until processing. The TNF and IL-6 contents in the plasma were determined using a commercial ELISA kit according to the manufacturer's instructions (IBL, Hamburg, Germany), and the results are expressed in pg/mL.
Analysis of results
Comparisons of the two groups, CRF and control, and of different phases (day and night) were performed using the Mann-Whitney U test. Data were expressed as the means± standard error of the mean, and values were considered significantly different at P<0.05. The correlations between sleep disturbances and cytokine and melatonin levels and between cytokine and melatonin levels were examined using two-tailed Spearman coefficient computing r for every pair of data sets. Statistical tests suitable for each analysis were performed with the statistical software Prism 6.0 for Windows (Graphpad Software, Inc.).
Results
The CRF group had a higher mean (P=0.0001) global PSQI score (8.3±3.0) than the control group (4.8±3.0), which indicates worse sleep quality in the CRF group (Fig. 1a) . In addition, the CRF group had a higher incidence of sleep disorders (100 %) than the control group (31.6 %; Fig. 1b) .
The analysis of melatonin content in saliva showed that the patients in the CRF group had lower melatonin content than the control subjects, both during the day and at night (Fig. 2) . During the day (light phase), the CRF subjects produced approximately 29 % (0.7±0.1 pg/ml) of the melatonin produced by the control subjects (2.4±0.2 pg/ml). At night (dark phase), the CRF subjects produced approximately 24 % (1.1±0.2 pg/ ml) of the melatonin produced by the control subjects (4.6± 0.6 pg/ml).
In addition, the diurnal and nocturnal melatonin contents in the CRF group were not different, demonstrating the lack of rhythmicity in melatonin production in this group, unlike the control group, which showed normal rhythmicity, with melatonin content peaking at night (Fig. 2) .
In regards to the levels of plasma inflammatory cytokines, the CRF group had a higher mean diurnal TNF level (62.3± 9.2 pg/ml) than the control group (31.6±5.0 pg/ml; Fig. 3a) . Additionally, the CRF group had a higher mean diurnal IL-6 level (34.4±16.6 pg/ml) than the control group (0.5±0.5 pg/ ml; Fig. 3b) .
In the correlation analysis of concentrations of melatonin and cytokines (Figs. 4 and 5) , a negative correlation was found between diurnal TNF concentration and nocturnal melatonin concentration (Fig. 4a) . Although CRF patients with a high IL-6 concentration had low melatonin content, CRF subjects with a low IL-6 concentration also had low melatonin content, resulting in these two variables not having a statistical Fig. 2 Day/night salivary melatonin contents (pg/mL) in chronic renal failure and control subjects. Comparison between the mean±standard error of the mean of diurnal and nocturnal salivary melatonin contents between the control (n=19) and chronic renal failure (CRF) groups (n= 20), *P<0.05 Fig. 1 Sleep quality in chronic renal failure and control subjects. a Mean ±standard error of the mean of the overall score obtained by application of the Pittsburgh Sleep Quality Index in the control group (n=19) and chronic renal failure group (CRF) (n=20). *P<0.05. b Percentages (%) of individuals with and without sleep disorders obtained by application of the Pittsburgh Sleep Quality Index: control subjects without sleep disorders (PSQI ≤5), control subjects with sleep disorders (PSQI >5), chronic renal failure subjects without sleep disorders (PSQI ≤5), and chronic renal failure subjects with sleep disorders (PSQI >5) correlation (Fig. 5a, b) . This was also true for nocturnal melatonin and nocturnal TNF concentrations (Fig. 4b) .
Discussion
The present study found sleep disorders in 100 % of patients with CRF, which is a higher incidence than in control subjects matched for age and sex (approximately 32 %) and is higher than previously reported prevalences of sleep disturbance in CRF patients, which have ranged from 50 to 80 % [15, 16] . This high prevalence emphasizes the gravity of this complication of CRF as sleep quality impacts the vitality and morbidity and is crucial to the overall health of these patients [15, 17, 18] . The importance of these findings is also supported by previous studies of other conditions, which demonstrated that sleep disorders result in daytime sleepiness and impairment in performance of various functions, including immune function and cardiovascular risk [19] [20] [21] .
Although in the present study the presence of OSAS have not been investigated, the prevalence of this pathology is greater in CRF patients than in general population. Besides of this, the current literature suggests a bidirectional association between CRF and OSAS through a number of potential pathological mechanisms. Following this idea, CRF may lead to OSAS by alterations in chemoreflex responsiveness, pharyngeal narrowing due to fluid overload, and accumulation of uremic toxins. On the other hand, OSAS can also accelerate loss of kidney function since chronic intermittent hypoxia directly or indirectly via renin-angiotensin system (RAS) activation [22] leads to kidney damage by facilitating glomerular hyperfiltration and systemic hypertension, both of which can impair kidney function [23] .
The main sleep problems reported by this population included excessive daytime sleepiness [14] , delayed sleep, fractionated sleep, waking up very early [24] , nocturnal insomnia, increased sleep latency, and reduced sleep time [4] .
The hypotheses of the causes of sleep disorders in previous studies of CRF include dialysis treatment [15] and the absence of the normal nocturnal increase in melatonin content [4, 5] . Our results demonstrate a blockage in both diurnal and nocturnal production of melatonin in CRF, which generates a lack of rhythmicity in the content of this hormone. The salivary melatonin content of the control group at night during the beginning of sleep was 5.9 pg/ml, which is in agreement with previous studies that reported a normal salivary melatonin content of 4 pg/ml for this period [25] . When salivary Fig. 4 Correlation analysis between plasma cytokine TNF content (pg/mL) and salivary melatonin content (pg/mL). a Correlation analysis between nocturnal melatonin content and diurnal TNF content, R=−0.457 and P<0.05. b Correlation analysis between the nocturnal melatonin content and nocturnal TNF content, R=−0.20 and P= 0.39, both in the chronic renal failure group Fig. 3 Plasma cytokines contents (pg/mL) in chronic renal failure and control subjects. a Comparison of diurnal TNF content (mean± standard error of the mean) between the control (n=19) and chronic renal failure (CRF) groups (n=20). b Comparison of diurnal IL-6 content (mean±standard error of the mean) between the control (n= 19) and chronic renal failure (CRF) groups (n=20), *P<0.05 melatonin content is below this value and sleep latency is >15 min, patients are considered candidates for melatonin use to improve sleep parameters [17] . In this study, the CRF group showed 1.1 pg/mL melatonin during this period. Therefore, the use of melatonin in this group of CRF patients could be an option because hypnotics have frequently been prescribed in this population and have been found to be ineffective at improving sleep quality [5] .
In addition to the chronobiotic function of melatonin, the results of this study suggest that it is necessary to consider other factors that are impacted by the blockage of melatonin production in CRF as melatonin is known to have functions in cellular processes, such as reduction of oxidative stress [10] , inhibition of nuclear translocation of transcription factors [26] , direct regulation of the action of several enzymes, intra-mitochondrial action, and regulation of apoptosis [27, 28] . Melatonin can act as an anti-inflammatory molecule [9] , as a regulator of innate and acquired immune responses [10] , metabolic functions, and several endocrine functions in peripheral tissues [29] , as a neuroprotective molecule [12] , and as a promoter of dendritic stability [11] .
The results of the analysis of cytokine contents in the present study were in agreement with those of previous studies and demonstrated that patients with CRF tend to exhibit high plasma concentrations of the inflammatory mediators TNF and IL-6 [3] .
Although other pathological models have shown that peripheral inflammation can block the production of melatonin in the pineal gland [5] , the present study was the first to explore the hypothesis that the high levels of inflammatory cytokines in CRF patients could block the production of melatonin.
The present study demonstrated high diurnal TNF levels in CRF patients, and this was negatively correlated with the low nocturnal melatonin levels found in this population. Beside, this correlation do not means cause, this result suggest that TNF can be involved in the blockage of melatonin synthesis in the pineal gland in CRF as demonstrated previously in other conditions. This is evidence of the pineal-immune axis, which was previously demonstrated in other inflammatory conditions [5, 11] . According to this concept, in pathological conditions, the synthesis and release of melatonin by the pineal gland become controlled by the immune system and, in turn, reciprocally influence the immune system. This concept involves an intricate and dynamic network that operates during the inflammatory response, integrating signaling pathways and regulation processes at the molecular, cellular, and organismic levels and resulting in the nocturnal peak of melatonin being suppressed in the early inflammatory response by the cytokine TNF [5, 30] .
These findings open perspectives for the development of new therapies that can restore the physiological levels of melatonin and alleviate several problems related to lack of this hormone. These findings may also help improve sleep quality and, consequently, the quality of life of CRF patients.
In conclusion, individuals with CRF showed indications of sleep disorders, probably due to the low production of melatonin both during the day and at night and the lack of rhythmicity in melatonin production. In addition, high diurnal levels of TNF and IL-6 were observed in the CRF group compared to those of the control group, and a negative correlation between TNF level and nocturnal melatonin level was observed in the CRF group.
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